Information on geothermal gradient and heat flow within the subsurface is critical in the quest for geothermal energy exploration. In a bid to ascertain the thermal potential of Nigeria sector of the Chad Basin for energy generation, subsurface temperature information from 19 oil wells, 24 water boreholes drilled to depths beyond 100 metres and atmospheric temperature from the Chad basin were utilized in calculating geothermal gradient of the area. Selected ditch cuttings from the wells were subjected to thermal conductivity test using Thermal Conductivity Scanner ( 
Introduction
The origin of the Chad Basin is generally attributed to the Rift system that was developed in the early cretaceous when the African and South American lithospheric plates separated and the Atlantic opened. According to [1] the Cretaceous Rift system of West and Central Africa extends for over 4000 km from Nigeria northwards into Niger and Libya and eastwards through southern Chad into Sudan and Kenya.
Heat is a form of energy and "geothermal energy"-in broad sense-is the heat contained within the Earth that generates geological phenomena on a planetary scale as plate tectonics, tectonic and volcanic activity in the Earth crust. In fact nowadays the term "geothermal energy" is often used to emphasize that part of the Earth's heat that can be recovered and exploited by man [2] .
This work involves the utilization of corrected borehole temperature from oil wells, temperature from water wells and thermal analysis of rock samples for evaluation of geothermal potentials of the Chad basin. The analysis of these data helps the deduction of shallow crustal structure and geothermal heat distribution within structure of the area. All this is aimed at ascertaining the existence of useful geothermal gradient and heat distribution in the Nigerian sectors of the Chad Basin which may be favourable for geothermal energy exploration in the region.
Regional Geology
The Chad Basin belongs to a series of Cretaceous and later rift basin in Central and West Africa (Figure 1) . The origin is generally attributed to the Rift systems that develop in the early Cretaceous when the African and South American lithospheric plates separated and the Atlantic opened. According to [1] the Cretaceous Rift system of West and Central Africa extend for over 4000 km from Nigeria northwards into Niger and Libya and eastwards through southern Chad into Sudan and Kenya. The Chad Basin with an area of about 2,335,000 km 2 ([3] [4]) occupies a vast area at an altitude of between 200 m and 500 m above sea level in Central Africa [5] . The Bornu Basin (Nigerian sector of the Chad Basin) makes up approximately 10 percent of the basin and lies between latitude 11˚N and 13˚45'38"N and longitudes 8˚21'49" and 14˚40'22"E in north-eastern Nigeria [6] . The stratigraphy of Bornu Basin has largely been interpreted by comparison with the Upper Benue Trough [7] . [7] also revealed that correlation of the Cretaceous succession in the Bornu Basin and Upper Benue Trough remains inexact. He pointed out that, [4] and [6] respectively suggested Albian to Turonian and Albian to Cenomanian ages for beds referred to the Bima Group in the Bornu Basin; Lower Turonian and Turonian ages for the Gongila Formation; and Turonian to Maastrichtian and Turonian to Santonian ages for Fika Shale. He further stated that although Okosun indicated the Kanadi well as bottoming in basement rocks, Olugbemiro reported only the Kinasar well as penetrating the full thickness of the Bima Group and "Pre Bima" beds.
The history of the Chad Basin according to [8] , began before the beginning of Upper Cretaceous when continental sediments consisting of Bima sandstone were deposited unconformable on the Pre-Cambrian basement probably during Albian. The Gongila Formation mixed limestone/shale was deposited by marine transgression on the Bima sandstone in Early Cenomanian. Marine Fika shales of Cenomanian to Turonian age overlie these beds. Towards the end of the Cretaceous, an estuarine-deltaic environment prevailed and the Gombe sandstone was deposited with intercalations of siltstone, shales and ironstones. Based on NNPC well logs, the Gombe sandstone was observed to be limited in its aerial extent [9] . The Paleocene marked the period of deposition of the continental Kerri-Kerri Formation. The Chad Formation of Pliocene to Recent age overlies these sediments in the basin.
The most important formation as far as groundwater resources is concerned are the Chad and the Kerri-Kerri Formations. Fresh potable water (1713 km 3 or 15%) of all Nigerian fresh water is confined only to the uppermost part about 500 m of Chad Formation [11] . The whole of sedimentary fill of the Chad Basin estimated on basis of gravimetry at over 7000 metres with an exception to the Pindiga Formation is highly porous, moderately permeable and contains 9530 km 3 of salty and fresh water, about 27% of all fresh and salty water in Nigeria [11] [12].
Material and Method
Two sources of geothermal information were gathered and utilizes in this research, these included shallow water wells and deep boreholes drilled for oil and gas exploration. Their parameters are presented in Table 1 .
The data from 43 temperature measurement points were used for gradient calculations and map production, including 19 oil wells with BHT measurements corrected in this work and 24 water wells in which temperature was measured during pumping tests, collected for the previous work [12] .
The values of geothermal gradient were calculated according to the formula: where "G" is the geothermal gradient (˚C/m; ˚C/100 m), "Td" is the natural temperature of rock formation at particular depth (˚C), "Ta" is the mean annual air temperature at the ground level (˚C), "h" is the depth of the measurement (m). Information on mean annual air temperature was read from the map by [13] (Figure 2) . The natural temperatures of rock formations at particular depths were calculated on the basis of BHT (Bottom Hole Temperature) measured in oil wells and corrected as well as on the basis of temperature measurements taken in the water wells during pumping tests, which is believed to be close to the natural temperature of the water bearing layer at some particular depth. Figure 2 . Map of annual ground surface temperature (after [13] ).
The data were inserted in Excell sheet together with the coordinates of each data point and then the data sheet was used in Surfer program for gridding and plotting the contours. Surfer, Global Mapper and MapInfo grid were utilized in preparing the final version of maps presented in this study.
The "Geothermal Gradient Map" presents the colors, contours and data points with values of temperature increase with depth expressed in ˚C/100 m.
The Heat Flow (HF) Map shows the distribution of the terrestrial heat flow within the research area detected on the ground surface and its intensity is presented in milli Watts per square meter unit (mW/m 2 ). Therefore, the contours and colours show the value of geothermal heat flowing from the underground (from some depth) to the surface through a defined area. In this study the HF was calculated for each square meter (m 2 ) of the area. The terrestrial heat flow is calculated according to the Fourier's law (which says that the heat flux resulting from thermal conduction is proportional to the magnitude of the temperature gradient) and is expressed by the equation:
where Q is the heat flow W/m 2 , K is the thermal conductivity of the rock formation W/m˚C, G is the geothermal gradient ˚C/m, "Minus" means that the heat is transferred from the higher towards lower temperature (from deeper part of the Earth to the surface) [14] [15] .
In the Earth sciences the heat flow is calculated for the vertical column of some particular depth that can be represented by the lithological profile of the borehole for which the types of rock are known, so the thermal conductivity can be measured as well as the geothermal gradient. If several such data is available for some area, it is possible to plot the map since the heat flow values differ due to diversity of geological and hydrogeological conditions.
In this work the lithological and thermal data from 19 deep oil wells were used. The data set was supplemented with 24 point data on geothermal gradients from the water wells that were calculated in 2005, in the previous work [16] . The location of the data points is presented on the Heat Flow Map (Figure 5 ). [17] utilized 12 oil wells and came up with geothermal gradient range between 2.16˚C/100 m and 5.26˚C/100 m in the Nigerian Chad Basin. Nwazeapu revealed that the geothermal gradient varies from well to well. According to Nwazeapu the wells that encountered intrusive rocks had an average geothermal gradient value of 3.73˚C/ 100 m while the wells that had no intrusive have an average value of 3.05˚C/100 m.
Result and Discussion
[18] from corrected oil well temperatures also presented an average value geothermal gradient of 3.31˚C/100 m in the Borno basin. Using corrected bottom hole temperature for some depth intervals of 3 wells [19] presented geothermal gradient range of 3.1˚C/100 m in Mbeji well to 4.2˚C/100 m in Albarka well, with an intermediate value of 3.9˚C/100 m in Kanadi well.
[16] Presented a geothermal gradient range of 1.35˚C/100 m to 5.80˚C/100 m in the Chad Basin of Nigeria based on temperature information from more than 100 boreholes. [13] published a modified and improved version of geothermal maps where three different geothermal anomalies (Gashua, Jakana & Bida Walasa) where presented (Figure 3) . [20] titled "Estimation of the heat flow variation in the Chad Basin Nigeria" using wire line logs from 14 oil wells, came up with the geothermal gradient average of 3.4˚C/100 and a regional range of 3.0˚C/100 m to 4.4˚C/100 m [20] further obtained the thermal conductivity variation from 1.70 to 3.11 W/m˚C with an average value of 2.35 W/m˚C and mean heat flow values vary from 63.6 to 105 mW/m 2 with a simple average of 80.6 mW/m 2 . [21] analyzed bottom hole temperature (BHT) data from 21 one wells in the Nigerian sector of the Chad Basin and obtained a regional average geothermal gradient of 3.4˚C/100 m.
The geothermal gradient from the 19 oil exploration wells ranged from 2.99˚C/100 m to 5.88˚C/100 m with an average of 3.84˚C/100 m. The geothermal gradients calculated from the 24 water boreholes obtained indicate a range of 2.81˚C/100 m to 5.84˚C/100 m with average of 3.71˚C/100 m ( Table 1) . Combination of the geothermal data from the two sources, oil and water boreholes together produced a geothermal gradient range of Geothermal gradient of both the oil exploration wells and water boreholes were merged and used to construct the geothermal gradient map of the Nigerian sector of the Chad Basin (Figure 4) .
According to the map, geothermal gradient of 4˚C/100 was recorded in areas of Gulumba, Kukawa and Dikwa, the highest value of 5.84˚C/100 was obtained south of Bida and lower values of 2.85˚C/100 and 2.80˚C /100 was around Bama and Kala Balge, respectively.
Geothermal gradient is a good indicator of sub-surface temperature distribution and in the assessment of geothermal energy resources of an area. In the present study, the geothermal gradient in the Borno Basin varies from 2.81˚C/100 m to 5.88˚C/100 m with an average of 3.708˚C/100 m. Different but close values were reported by different authors from previous work. [17] [20] and [21] presented a regional geothermal gradient of 3.4˚C/100 m. In a far away Chadian sector of the Basin, [22] produced a range of 1.6929˚C/100 m to 8.3817˚C/ 100 m. Assessment of the present and previous values reported on the geothermal gradient shows that the geothermal background of the Nigerian sector of the Chad Basin remains more than 3˚C/100 m. This is adequate for attainment of profitable geothermal energy resource in a deep sedimentary basin like the Nigerian sector of the Chad Basin, especially in the areas of positive thermal anomalies where the geothermal gradient is about 5˚C/ 100 m.
[23], commenting on the SE-NW trend of the anomalies, suggested correlation with structural features of the Basin: Warm anomalies indicate grabens, while cool anomalies horsts in the crystalline bottom of the Basin Heat flow determination in a region provides significant tool for clarifying the ongoing thermal activity within the area. The present work presented a heat flow ( Figure 5 ) value ranging from 45 mW/m 2 to about 90 mW/m 2 in the Nigerian sector of the Chad Basin. [20] working on the "Estimation of the Heat flow variation in the Chad Basin Nigeria" came up with a value varying from 63.6 mW/m 2 to 105.6 mW/m 2 with average of 80.6 mW/m 2 , and concluded that there was no distinct trend on heat flow within the Basin.
Conclusions
Geothermal gradient which is the rate of temperature increase with depth is a good indicator of sub-surface temperature distribution and in the assessment of geothermal energy resources of an area. In the present study, the geothermal gradient in the Borno Basin varies from 2.81˚C/100 m to 5.88˚C/100 m with an average of 3.708˚C/100 m.
